Helicoverpa armigera is an orthodox rival of many crop plants affecting agricultural economy. Plant leaves found to accumulate proteinase inhibitors, although this insect pest chooses leaves for laying eggs. Plant defense response at this juncture is not fully explored. In thiscontext, here we are reporting proteinase inhibitor (ppLPI-1) having significant homology with the I13 family from leaves of pigeonpea (cv. BSMR 736). The isolation of ppLPI-1 was carried out from leaves of field-grown pigeonpea under an outbreak of H. armigera. The acetone precipitated ppLPI-1 (125 µg) displayed substantial inhibition potential towards bovine trypsin (56.5 ± 1.8%) and HaGPs (52.6 ± 1.7%) on solution assay. These results were corroborated with dot-blot analysis. The molecular form of ppLPI-1 was characterized by reverse zymography and GXCP. The optimum condition was found to be pH 8 and temperature in the range of 30-40 °C. The protein identification via MASCOT-PMF and NCBI-BLAST search showed substantial homology with an inducible subtilisin inhibitor of Fabaceae comprising Vigna angularis (96%), Canavalia lineata (78%), Cicer arietinum (76%), Glycine max (75%), Medicago truncatula (73%) and Vicia faba (73%) consists of conserved domain of potato inhibitor I family.
Introduction
Pigeonpea (Cajanus cajan) is the second and fifth most important pulse crop of India and rest of the world, respectively. Being chief source of protein, it proved to be main diet of large section of the vegetarian population in India, eastern Africa and Central America (Srivastava and Joshi 2011) . Helicoverpa armigera is devastating insect pest of this crop and invade more than 300 plant species throughout the world (Rajapakse and Walter 2007) . The actively growing larvae of H. armigera preferred protein produced in storage and non-storage parts of the plant for feeding. The accumulated variable gut proteinases system comprising serine (trypsin and chymotrypsin), metallo, aspartic and cysteine proteinases is responsible for digestive functioning (Bown et al. 1997; Emmerling et al. 2001; Bayes et al. 2005; Pauchet et al. 2008) .
Host plant defense against insect pests encompasses expressions of proteinase inhibitors (PIs) and supposed to be ecological and economical defense approach. These molecules are responsible for inhibition of proteinases expressed in the gut of insect pests (Lawrence and Koundal 2002) . The scarcity of protein-rich diet attributed to the action of PIs leads to underdevelopment or even death of insect pests (Bown et al. 1997) . Generally, PIs are found to regulate the activity of endogenous proteinases of plants (Ryan 1990) . Induced expression of PIs on onset of insect pests attack makes them promising candidate for insect pest management (Constabel 1999) .
The occurrence of PIs has been conferred from the storage tissues (seeds and tubers) of many host plants of H. armigera including pigeonpea (C. cajan), Cotton (Gossypium hirsutum), chickpea (Cicer arietinum), mungbean (Vigna radiata), etc. (Lawrence and Koundal 2002; Rajapakse and Walter 2007) . However, the gut proteinases 1 3 system of H. armigera is found to adapt the action of PIs expressed in most of these plants. The mechanism of adaptation could be the synthesis of PIs-insensitive proteinases or expression of proteinases that degrade PIs (Srinivasan et al. 2005; Tabashnik et al. 2008) . The expression of about nine PIs was reported from seed extract of pigeonpea (Pichare and Kachole 1996; Chougule et al. 2003; Padul et al. 2012) . But all these molecules are found to be feeble in their actions against gut proteinases system of H. armigera.
The storage tissues are sites where on the third and fourth instar larvae generally fed. They have fully functional digestive proteinases system and could be the basis of adaptation to host plant PIs. Non-storage tissues such as leaves, flowers and roots are primary contact areas for the first and second instar larvae . Female H. armigera lays its eggs on leaves or tender branches. These larvae start feeding on these tissues and later shift to reproductive parts (Liu et al. 2010) . These larvae consume food at five times the rate of third and fourth instar larvae with rapid spread on non-infested areas (Johnson and Zalucki 2007) . Hence, restriction of the movement of H. armigera from leaves to reproductive organs will provide the limitation in the further loss of crops. To achieve this, biochemical interactions between the host plant and H. armigera need to be explored at this juncture. Earlier PIs expression in non-storage tissues was reported from few plants (Ryan 1990; Damle et al. 2005; Padul et al. 2012) .
The detailed study of nature, specificity and molecular biochemistry of PIs from non-storage tissues such as leaves is prime concern to exploit PIs as biological agent for insect control. In this regard, here we report the electrophoresisbased preparative isolation, mass spectrometry-based identification and biochemical characterization of novel PI named as ppLPI-1 from field collected matured leaves of pigeonpea cv. BSMR 736 under H. armigera attack.
Materials and methods

Procurement of chemicals
Trypsin (bovine pancreas, E.C. 3.4.21.4), acrylamide, bisacrylamide, tetramethylethylenediamine (TEMED), PVP (polyvinylpyrrolidone) and N-α-benzoyl-dl-argininep-nitroanilide (BApNA) were obtained from Sisco Research Laboratories (SRL), Mumbai, India. X-ray films were obtained from Fuji film, USA. All other chemicals used in this study were of the available highest purity.
Procurement of leaves
Dry mature seeds of pigeonpea (cv. BSMR 736) were procured from the Badnapur Agricultural Research Station of Marathwada Agricultural University, Parbhani (MS) India. The seeds were sowed naturally in the field of the Department, Dr. Babasaheb Ambedkar Marathwada University, Aurangabad. Leaves were harvested from fully grown pigeonpea plants which were naturally exposed to H. armigera.
Procurement of insects
Second instar larvae of H. armigera were collected from pigeonpea fields.
Extraction of PIs from seeds and leaves of pigeonpea
The extraction of seed PIs were carried out according to Shaikh et al. (2014) . The leaves PIs were extracted according to the method of Padul et al. (2012) . The field-collected matured leaves of pigeonpea were dried and pulverized in acetone using tissue homogenizer. The depigmented powder was finally washed with hexane to remove fat. The resulting powder of leaves was suspended in distilled water containing 1% PVP (1:10 w/v) and kept at 15 °C for overnight to extract the proteins. The suspension was then centrifuged at 12,000g for 20 min at 4 °C. The clear supernatant obtained was used as source of crude PIs.
Extraction of HaGPs
The HaGPs extraction was carried out by removing the midgut tissue of the second instar larvae of H. armigera. Fresh or thawed (at -20 °C) midgut tissue was homogenized in 0.1 M glycine-NaOH buffer (1:3 w/v pH 9.6) for 15 min at 10 °C. The suspension was centrifuged at 12,000g for 20 min at 4 °C. The resulting supernatant was used as source of HaGPs.
Detection of PIs by dot-blot test
The dot-blot test was carried out to determine the potency of crude leaves PIs against trypsin and HaGPs using gelatin coated X-ray film (Pichare and Kachole 1994; Padul et al. 2012) . Three varied concentrations of the enzyme and inhibitor were prepared: 1 (1:3), 2 (1:1), and 3 (3:1) v/v, respectively. The total volume was made up to 20 µl by the adjusting buffers, 0.1 M Tris-HCl (pH 7.8) for trypsin and 0.1 M glycine-NaOH (pH 9.6) buffer for HaGPs was used. The resulting samples were loaded onto X-ray film. After incubating for 20 min at 37 °C, the film was washed with tap water and dried in air. The varying proportions of enzyme and inhibitor produced different patterns of gelatin hydrolysis on the X-ray film depending on the efficacy of inhibitor.
The inhibition pattern was observed visually and scanned at 300 dpi using an HP digital scanner.
Electrophoretic visualization of PIs
Crude leaves PIs and seed PIs were visualized by gel X-ray film contact print technique (GXCP) and reverse zymography (Pichare and Kachole 1994; Shaikh et al. 2014) . For electrophoresis, 80 μg sample was loaded onto native polyacrylamide gel and electrophoresis allowed to run under influence of constant current of 20 mA (Davis 1964) . For GXCP analysis, after electrophoresis resulting gel was equilibrated in 0.1 M Tris-HCl (pH 7.8) for 10 min at 37 °C. Followed by equilibration gel was incubated with 0.1 mg/ml trypsin solution for 10 min at 37 °C. After removing excess trypsin by dipping gel in the above-mentioned buffer, it was overlaid on X-ray film for 5-10 min. The gel was removed from X-ray film, the resulting X-ray film washed with tap water and the PIs bands were visualized as unhydrolyzed gelatin. The X-ray film was scanned at 300 dpi using an HP digital scanner. The gel was then washed and stained with 0.1% coomassie brilliant blue R-250. The same procedure was carried out for HaGPs using 0.1 M glycine-NaOH (pH 9.6) buffer containing 0.3 M CaCl 2 . The experiment was repeated three times with three replicates each.
For reverse zymography, the gel was equilibrated in 0.1 M Tris-HCl (pH 7.8) and dipped into 1% casein, prepared in 0.1 M Tris-HCl (pH 7.8) for 20 min at 37 °C. After removing excess substrate the gel was incubated in 0.1% bovine trypsin for 10 min at 37 °C. The resulting gel then washed with buffer and stained with 0.1% coomassie brilliant blue R-250.
Preparative electrophoretic purification of ppLPI-1
The ppLPI-1 was purified by preparative native-PAGE. After electrophoresis, a vertical strip of the gel was cut and processed to detect the PI activity band on X-ray film, as previously described. A horizontal strip of the remaining gel corresponding to the ppLPI-1 activity band of the X-ray film was excised and stored overnight at -20 °C and then the sample was eluted. Preparative electrophoresis was repeated several times to obtain sufficient amounts of ppLPI-1 for further characterization. The ppLPI-1 was further run on 10% native-PAGE and excised from the stained gel and dehydrated with 50% acetonitrile and stored at -20 °C.
MALDI-TOF MS analysis
The identification analysis of ppLPI-1 was done by matrixassisted laser desorption ionization mass spectrometry (MALDI-TOF MS) using UltrafleXtreme (Bruker Daltonics, Germany) system at a Proteomics facility of Molecular Biophysics Unit, IISC (Bangalore, India). Overnight in-gel trypsin digestion of ppLPI-1 band was carried out at 37 °C. Peptide mass fingerprints of tryptic digests were acquired and compared with the existing entries in the global database by using the Mascot search engine (http://www.matrixscience.com), which uses a probability-based scoring system. Viridiplantae (Green Plants) was used as a taxonomy filter for a specific search. The threshold of "good match" was defined as per Chen et al. (2009) . The MUSCLE program was used to align the homologous PI sequences obtained after NCBI BLAST of matched internal protein sequence (Edgar 2004) .
Assay of trypsin inhibitory activity
Trypsin inhibition was assayed according to the method of Kakade et al. (1969) , using BApNA as the substrate and bovine trypsin as the standard enzyme. The different concentration of crude PIs of leaves and 40 µl trypsin (1 mg/ ml, prepared in 0.01 N HCl) were incubated for 10 min in Tris-HCl buffer (0.1 M, pH 7.8 and 0.3 M CaCl 2 ). To this mixture, 0.3 ml BApNA (1 mM, prepared in DMSO) was added. The final volume of the reaction mixture was 1.2 ml. After incubating the reaction mixture at 37 °C for 30 min, the reaction was terminated by adding 0.3 ml of 30% glacial acetic acid (v/v). A blank and a trypsin control were run simultaneously. The absorbance was recorded at 410 nm against the blank. The inhibition of HaGPs was assessed by incubating the inhibitor with HaGPs for 20 min in 0.1 M glycine-NaOH (pH 9.6), which contained 0.3 M CaCl 2 .
One trypsin activity unit is equal to the release of 1.0 μmol of p-nitroaniline per min under specific assay conditions, with one inhibitor unit being defined as the inhibition of one enzyme unit. Inhibitory activity is expressed as the percentage of inhibited enzyme activity out of the total enzyme activity.
Effect of pH on proteinases and crude PIs activities
The effect of pH on the total activity of trypsin and HaGPs in presence of crude PIs of leaves was carried out in different buffer systems as described previously. The buffer system utilized were 0.1 M glycine-HCl (pH 2), 0.1 M sodium citrate (pH 4) and (pH 6), 0.1 M Tris-HCl (pH 8), 0.1 M glycine-NaOH (pH 10), and 0.1 M glycine-NaOH (pH 12).
Effect of temperatures on proteinases and crude PIs activities
The effect of temperature on the total activity of trypsin and HaGPs in presence of crude PIs of leaves was studied by performing the reaction at different temperatures (20-80 °C at 10 °C intervals) in a dry water bath. Inhibition assays were assayed according to the method described previously.
Protein determination
Protein content was estimated by Lowry et al. (1951) method using Bovine serum albumin (BSA) as the standard.
Statistical analysis
All experiments were conducted in triplicate. Means and standard deviations were calculated and compared. The analysis was performed using Microsoft Excel 2010.
Results and discussion
The host plant resistance plays important role in insect pest management (Dhillon and Sharma 2012) . The plant PIs is a necessary component of host plant resistance and could be a sustainable and natural approach against insect pests. The action of PI is attributed to their binding to the active site of the gut proteinases which may block, alter or hinder access to the substrate (Jongsma and Bolter 1997) . This result in the reduction in the availability of essential amino acids required for growth and development of insect pests.
As a valuable component in plant defense the nature, specificity, and stability of these PIs could be explored at various developmental stages. The non-storage tissues such as leaves are more exposed to H. armigera. The PIs response at this site is expected to be very important. In this regard, we are reporting the isolation, preparative purification and identification of PI designated as ppLPI-1 from the field collected leaves of pigeonpea (cv. BSMR 736). The molecular aspects like specificity, stability, optimal conditions and suitability of ppLPI-1 as host plant defense component is discussed.
Solution assay of crude leaves PIs activity
On the solution assay of PIs activity from the acetone precipitated protein of leaves (125 µg), 56.5 ± 1.8% inhibition against bovine trypsin was reported (Fig. 1a) . At the same concentration of the crude leaves PIs, 52.6 ± 1.7% inhibition was achieved against the HaGPs (gut of second instar larvae used). The inhibition efficiency of crude leaves PIs was also assessed by dot-blot assay. The substantial inhibition to the trypsin and HaGPs were observed with different concentrations of crude leaves PIs (Fig. 1b) . This is the first report regarding significant inhibition potential from leaves of pigeonpea cv. BSMR 736 against HaGPs. Previously significant inhibition to HaGPs was reported from leaves of pigeonpea cv. BDN-2 . The leaves are initial contact area for first and second instar larvae and substantial inhibition to HaGPs may attribute to the accumulation of inducible PIs in response to H. armigera infestation in the field. Earlier PIs induction in the response to insect infestation is reported in barley seedlings (Casaretto and Corcuera 1998) . Induction of PIs occurs via the octadecanoid pathway, which catalyzes the breakdown of linolenic acid and the formation of jasmonic acid which induces PIs gene expression (Farmer et al. 1992 ).
Electrophoretic characterization of leaves PIs activity
In the next step of our work, we have visualized the leaves PIs based on the separation of the samples on native-polyacrylamide gel and detection by reverse zymography and GXCP. Two molecular forms of PIs against trypsin and HaGPs designated as ppLPI-1 and ppLPI-2 were visualized by reverse zymography (Fig. 2a, b) and GXCP (Fig. 2c) . Earlier presence of monomorphic PIs pattern on the gel was reported from the seed extracts of most of the pigeonpea cultivars (Chougule et al. 2003) . The ppLPI-1 and ppLPI-2 reported in this study have resemblance with PI-3 and PI-4 of the crude protein of seed extract of the same plant (Fig. 2a, b) . Almost similar PIs pattern was reported by Padul et al. (2012) from leaves of pigeonpea cv. BDN-2 wherein three PIs (i.e. PI-3, PI-4 and PI-5, numbered according to an occurrence in seed extract) found to be inducible. Among them, PI-3 was appeared first in all types of induction used in the study. The ppLPI-1 resembles to PI-3 protein which has expression in the seeds and leaves. The nature, specificity, and stability against H. armigera of this PI could be a prime concern to design competent PIs-based plant defense strategies.
Optimum parameters for leaves PIs activity
The protein requirement of H. armigera accomplishes by the proteolytic action of alkaline proteinases present in the gut. To inhibit these alkaline proteinases, it is necessary to have PI with efficient activity in the alkaline condition. Here, we found that the inhibitory activity of leaves PIs against bovine trypsin and HaGPs was not sensitive to pH over the range 6.0-12.0 with an optimum at pH 8 (Fig. 3a) . The reasonable activity was achieved in the alkaline condition whereas very low activity was observed in acidic condition against both enzymes. A similar finding was observed in case of purified seed PIs of pigeonpea (Godbole et al. 1994; Benjakul et al. 2000; Prasad et al. 2010 ). This result indicates that leaves PIs accomplish probability of working in the alkaline region and might be used against proteinases of H. armigera. From the data presented in Fig. 3b , it was inferred that crude leaves PIs showed an inhibition to trypsin and HaGPs at all tested temperatures, even after it was exposed to higher temperature (80 °C, 45% inhibition). The optimum temperature was found to be in the range of 30-40 °C, recording about 50-55% trypsin and HaGPs inhibition.
In vitro interactions of leaves PIs with HaGPs
The gut of the insect is the main site of digestive enzymes where the breakdown of food and absorption of nutrients take place (Pauchet et al. 2008) . It comprises the protein hydrolytic enzymes mostly serine proteinases with variable expression in accordance to entering adversary PIs (Srinivasan et al. 2005; Kotkar et al. 2009 ). To control the action of these alkaline proteinases, the stability of PIs in the gut environment should be checked. In this regard in vitro interactions of leaves PIs with HaGPs of second instar larvae of H. armigera were carried out and results were assessed by electrophoresis and solution assay.
The insignificant degradation of ppLPI-1 and ppLPI-2 protein bands on the gel was observed when incubated the sample with HaGPs for 60 min at 37 °C (Fig. 4a) , with residual inhibitory activity 46.96 ± 0.5% as compared to control 55.37 ± 2.6% (Fig. 4b) . The condition remains same at 90 min of incubation with rapid decrease in activity at 120 min (27.08 ± 1.5% inhibition). On the electrophoresis, the absence of ppLPI-2 band was observed in 90-min incubated sample whereas the absence of ppLPI-1 was observed in 180-min incubated sample. This result is indication of the absence of disulfide linkages, imperative for the high stability and conformational rigidity (Ling et al. 1993) . Although this result suggests that ppLPI-1 is more potent than ppLPI-2 against HaGPs and could be explored further. In accompanying with ppLPI-1, ppLPI-2 could also be efficient to block the digestion of proteinaceous food in the gut of the insect where it remains for 1 to 2 h. Thus, protein will come out undigested resulting in unavailability of amino acids which are essential for larval growth and egg productions (Sorge et al. 2000) . Or else it will divert its metabolic pool towards the overproduction of proteinases to compensate the action of PIs. This will lead to an extra burden of energy and essential amino acids resulting in retardation of growth and development (Broadway and Duffey 1986) .
MASCOT analysis of MALDI-TOF-MS spectrum of ppLPI-1
The ppLPI-1 was purified by native preparative electrophoresis. The PI band was submitted for MALDI-TOF-MS analysis. The Fig. 5a represents MALDI-TOF-MS spectrum of a mixture of peptides obtained from tryptic Interpretation of the MALDI-TOF data was carried out using online ''MASCOT search tool'' (version 2.4.1; http://www.matrixscience.com). The sequence analysis of ppLPI-1 using MASCOT-PMF search showed three peptides, K.TSWPELVGVTAEQAETKIK.E, K . E E M V DV Q I Q VS P H D S F V TA DY N P K . R a n d R.LYVDESNKVTR.T, corresponding to mass values (m/z value) 2087.749, 2748.217 and 1324.181 respectively matched to that of subtilisin inhibitor of Phaseolus angularis (taxonomy: Vigna angularis) with 60% protein sequence coverage (Fig. 5b, c) .
Sequence homology searches by NCBI-BLAST and MEROPS database
On BLAST similarity search with the NCBI non-redundant database of PIs of Fabaceae, the peptides of ppLPI-1 were found to consist of the conserved domain of potato inhibitor I family (Fig. 6A) . These peptides revealed 96% homology with subtilisin inhibitor of V. angularis (105 score, 1e−27 E value), 78% with subtilisin inhibitor of Canavalia lineata (79.3 score, 1e−17 E value), 76% with predicted subtilisin inhibitor 1-like of C. arietinum (83.2 score, 8e−19 E value), 75% predicted subtilisin inhibitor 1-like of Glycine max (79.0 score, 5e−17 E value), 73% with subtilisin inhibitor of Medicago truncatula (79.0 score, 3e−17 E value), 73% with subtilisin inhibitor of Vicia faba (75.9 score, 2e−16 E value) and 69% with subtilisin inhibitor of V. faba (70.9 score, 2e−14 E value). On comparison in MEROPS database of proteinases and proteinase inhibitors, these peptides showed similarity with a subtilisin inhibitor I serine proteinase inhibitor from the I13 family (Fig. 6B) . These peptides showed 96.36% sequence homology with subtilisin inhibitor of V. angularis (MER018140, 265 scores, 1e−24 E value), 78.18% with subtilisin inhibitor of C. lineata (MER022758, 200 scores, 2e−17 E value) and 72.73% with subtilisin inhibitor of V. faba (MER018147, 191 scores, 2.8e−16 E value).
This result indicates that ppLPI-1 belongs to I13 family with conserved domain of potato inhibitor I family. The PIs belonging to I13 family are found to inhibit serine proteinases (trypsin/chymotrypsin/ subtilisin) by the standard mechanism (Laskowski and Kato 1980; Beuning et al. 1994) . The other properties of I13 family PIs like lack of disulfide bonds, stability at pH 2-9 and high temperatures 
Amino acid composition of the ppLPI-1
The computation of amino acid composition and other physical, chemical parameters of the ppLPI-1 were carried out using the ProtParam package of the ExPASy web server (http://www.expasy.ch/tools/protparam.html). The ppLPI-1 was found to be rich in valine and glutamic acid with the absence of cysteine residues suggesting the lack of disulfide bonds in the sequence (Table 1) . However I13 family PIs were found to be very stable due to hydrogen bonds formed by interactions between arginine residues and residues either side of the reactive site provide the necessary stability (McPhalen et al. 1985) . The predicted molecular weight of the PI peptide was ~ 7.3 kDa of which 12 were negatively charged and 7 were positively charged residues with a theoretical isoelectric point (pI) of 4.61. The total number of atoms present in the protein was 1024 and the extinction coefficient was 9970 M −1 cm −1 . The instability index showed a value of 22.02 which indicates the stable nature of this protein. The aliphatic index of the ppLPI-1 was 80.47 while the grand average of hydropathicity was − 0.620.
The presence of I13 family PI in the host plant of H. armigera having expression in the storage and non-storage tissues could be rival response to proteinases arsenal expressed in the gut. Recently several bacterial strains were isolated from gut of H. armigera and found to be proteinases producers (Visotto et al. 2009; Xiang et al. 2006; Shinde et al. 2012) . These proteinases are also considered as basis of adaptation to host plant PIs (Visotto et al. 2009; Shinde et al. 2012) . Hence, the above study indicates the expression of ppLPI-1 is HaGPs specific as well bacterial proteinases specific. The exhaustive analysis of these interactions at Fig. 6 A (a) Amino acid sequence alignments of ppLPI-1 with subtilisin inhibitor previously have been characterized from closely related Fabaceae. The alignment was performed using MUSCLE (Edgar 2004) . Accession numbers refer to the following proteins and plant species, respectively: gi|124121 (Vigna angularis), gi|124131 (Vicia faba), gi|357457017 (Medicago truncatula), gi|224447 (Vicia faba), gi|27734408 (Canavalia lineata), gi|502127777 (Cicer arietinum), gi|571489242 (Glycine max), (b) Conserved domain search of ppLPI-1. (c) Phylogram (Dereeper et al. 2008) showing the relationship between the ppLPI-1 with other plant subtilisin inhibitor of Fabaceae. B MEROPS database search results for ppLPI-1 amino acids sequence molecular level is essential and future prospective of this study. 
